Kanuma mud, a geomaterial, is used as an adsorbent for the removal of fluoride from water.
INTRODUCTION
In recent years, high fluoride levels in drinking water have been recognized as a critical health hazard, and an increasing number of studies have drawn attention to this problem. Fluoride is a naturally occurring element in minerals, geochemical deposits and natural water systems, and enters the food chains by either drinking water or eating plants and cereals (Sushree et al. 2006) . It may have beneficial or detrimental effects on health depending on the concentration of the fluoride present (Meenakshi et al. 2008) . Generally, fluoride is added to drinking water in small quantities to prevent dental caries but an excess is responsible for teeth mottling and bone fluorosis. According to the World Health Organization (WHO) guidelines, the fluoride concentration in drinking water should not exceed
mg/L (WHO 1993).
A number of defluoridation methods have been suggested, such as electrochemical processing (Shen et al. 2003) , electrocoagulation-flotation (Hu et al. 2005) , ion exchange (Meenakshi & Viswanathan 2007) , membrane filtration (Ndiaye et al. 2005) , Donnan dialysis (Tor 2006a, b) , fluidised-bed precipitation (Aldaco et al. 2005) , reverse osmosis (Sourirajan & Matsurra 1972) , nanofiltration (Simons 1993) and adsorption (Cengeloglu et al. 2002; Tor 2006a, b) . Adsorption has been found to be superior to other techniques for fluoride removal based on initial cost, flexibility and simplicity of design, and ease of operation and maintenance (Gupta et al. 2007) . Therefore, considerable attention has been focused on the study of environmentally friendly and effective adsorbents, including activated alumina (Ayoob et al. 2008) , red mud doi: 10.2166/wst.2010.472 (Cengeloglu et al. 2002) , alum, charcoal, kaolinite, bentonite, carbonaceous materials (Ikuo et al. 2004) , calcite (Yang et al. 1999) , montmorillonite (Tor 2006a, b) and spent bleaching earth (Mahramanlioglu et al. 2002) for the removal of fluoride ions from aqueous solution. Activated alumina is one of the most widely used adsorbents for defluoridation of aqueous solutions because of its efficiency and low cost (Ghorai & Pant 2005) . However, associated problems like residual aluminium and soluble aluminium fluoride complexes, the generation of sludge and the relatively high residual fluoride concentration are of major concern (Shihabudheen et al. 2008 ). There are also many studies in the literature on the adsorption of fluoride from aqueous solution by using modified geomaterials.
However, the high energy consumption and operating costs make them difficult to use in practical applications. Therefore, there is an opportunity to indentify new materials with a high rate of removal, having social, technical and economic feasibility for applications especially in rural communities.
There is a natural and novel adsorbent called Kanuma mud that is readily available in different parts of Japan, and whose adsorption characteristics with fluoride ions have not been investigated. The need to find locally available defluoridation media for safe and easy use at both household and community level is desirable. Hence, in this study, the defluoridation potential of Kanuma mud has been studied in a batch method. The physicochemical characteristics of Kanuma mud are examined with XRD, SEM and EDAX analysis. Studies of the adsorption isotherms, kinetics, equilibrium and mechanism of adsorption are also included.
MATERIALS AND METHODS

Preparation of Kanuma mud
Kanuma mud, was purchased in Makino Store (1.2 US$/kg), Kiyosu, Japan, in the form of a small, spherical, brown, cohesionless soil with a density of 1.042 g/cm 3 , pH zpc of 6.4 and a BET specific surface area of 154.29 m 2 /g. Kanuma mud was sieved to obtain a fraction less than 100 mm particle size. This fraction was then washed several times with deionised water and dried at 1058C for 24 h. Finally samples were cooled to room temperature and transferred to airtight glass bottles for further study. The mineralogy of supported metal-oxide was characterised by powder XRD techniques (Rigaku RINT2200, Japan). Surface morphology and spot elemental analysis of Kanuma mud was carried out using SEM (JEOL, ESEM-6700F, Japan) and EDAX (JEOL, JSM-6700F, Japan), respectively.
Batch study
A stock solution (100 mg F/L) was prepared by dissolving 0.221 g anhydrous sodium fluoride in 1000 mL of deionised 
Adsorption-desorption cycle
In order to test the regenerative ability of the adsorbent, studies were carried out with distilled water as the eluent with different pH (2-12) adjusted with 0.1 M NaOH or HCl. For this, the initial adsorption study was conducted using 10 g/L Kanuma mud and 5 mg/L of fluoride solution.
The adsorbent was then separated by filtration and washed with distilled water to remove entrained liquid containing fluoride. After this regeneration stage, the ability of Kanuma mud to remove fluoride from aqueous solutions was again tested in an adsorption experiment, using a similar procedure to that described above.
RESULTS AND DISCUSSION
Characterisation of Kanuma mud
The Kanuma mud was characterised by powder XRD. 
2008
; Bail et al. 1988 ) to describe fluoride adsorption on metal oxides as:
where M represents the metal ion (Ca, Si, Al, Fe, etc.) and 
Effect of adsorbent dose
The effect of adsorbent dose on the adsorption of fluoride is presented in Figure 3a . It was observed that the percentage removal of fluoride increased from 31.4 to 100% with an increase in adsorbent dose from 2 to 20 g/L. However, after a dosage of 10 g/L, the amount removed per unit of adsorbent declined. This may be due to the over-lapping of active sites at higher dosages as well as a decrease in the effective surface area resulting in the conglomeration of exchanger particles (Fan et al. 2003) . Higher doses of the adsorbent (i.e., greater than 10 g/L) will increase the amount of sludge and cost of recovery, without introducing a significant benefit in the amount of fluoride removed. This dose (10 g/L) may also be sufficient to reduce the amount of fluoride to the WHO drinking water guideline.
Effect of contact time
It is evident the adsorption process was very rapid and most of the fluoride ions were adsorbed in the first 20 min (Figure 3b ). It can also be seen that equilibrium was established at about 2 h. This result is in agreement with the equilibrium times found for alum sludge and quartz, which are reported in other studies (Sujana et al. 1998; Harouiya & Oelkers 2004) . The change in the rate of removal might be due to the fact that initially all adsorbent sites were vacant, while later the fluoride adsorbed by Kanuma mud decreased significantly, due to fewer adsorption sites and a lower fluoride concentration. The data obtained from this experiment is used below to successfully evaluate the kinetics of the adsorption process.
Effect of pH Sulfate and bicarbonate ions partially form outer-sphere complexes, or inner-sphere complexes (Onyango et al. 2004) . In the present study, sulfate and bicarbonate ions decreased the fluoride adsorption slightly and this may be attributed to the high coulombic repulsive forces, which reduce the probability of fluoride interactions with the active sites. Carbonate and phosphate ions present in the reaction system had the greatest effect on fluoride adsorption. This is explained, not only in terms of the competition for the same active sites with fluoride, but also by the high affinity and capacity for carbonate and phosphate ions onto Kanuma mud. The pH of the fluoride solutions was finally 7. 0, 6.5, 6.7, 8.8, 10.5 and 10.8 
Thermodynamic parameters
The free energy change (DG), entropy change (DS) and enthalpy change (DH) for fluoride adsorption on Kanuma mud were calculated using the following Equations (Khan & Singh 1987) : 
Adsorption isotherms
The ability of Kanuma mud to adsorb fluoride from aqueous solutions is evaluated from the shape of the adsorption isotherm plot. In the present study, isotherm data were applied to four adsorption models and the results of their linear regressions were used to find the model with the best fit. Values of resulting parameters and regression coefficients (R 2 ) are listed in Tables 2 and 3 (Rubel 1983 ). The experimental data fit very well to this isotherm model, and
indicates that fluoride adsorption occurs on heterogeneous surfaces, which is similar to the conclusion reached for alum sludge (Sujana et al. 1998) .
Adsorption kinetics
According to the kinetic data obtained from the experiments, various models have been used to throw light on the mechanisms of adsorption and potential rate controlling steps. In this experiment, the pseudo-first-order, pseudo-second-order, and intra-particle diffusion models were used to test the mechanism of fluoride adsorption on Kanuma mud.
The pseudo-first-order rate equation is given as
log ðq e 2 q t Þ ¼ log q e 2 k 1 t 2:303
where q e and q t are the amounts of fluoride adsorbed (mg/g) at equilibrium and at time t (min), respectively, and k 1 (L/min) is the adsorption rate constant of first-order adsorption. A straight line of log(q e -q t ) versus t suggests the applicability of this kinetic model. q e and k 1 were determined from the intercept and slope of the plot which were shown in Table 4 . From the data, q e (calculated) and q e (experimental) values are not in agreement with each other.
Therefore, that indicates the adsorption of fluoride on Kanuma mud was not a first-order reaction.
In addition, the experimental data was also applied to the pseudo-second-order kinetic model Equation (Ho & Mckay 1999) :
where k 2 is the rate constant of pseudo-second-order chemisorptions (g/(mg min)). The plot t/q t versus t giving a straight line which is shown in Figure 5 , and the constant calculated from the slop and intercept of the plots are given in Table 3 . Therefore, it is possible to prove that the adsorption process using Kanuma mud followed the second-order kinetic model.
The intra-particle diffusion equation can be described as:
where k i is the intra-particle diffusion rate constant (mg/g min).
The data shown in Figure 6 have an initial curved portion, followed by a linear portion. The curved portion of the plot is The linear portion suggests a gradual adsorption stage, where intra-particle diffusion of fluoride on the Kanuma mud surface takes place. However, the extrapolated linear regions at different initial concentrations did not pass through the origin and that suggests that the intra-particle diffusion was not the rate-controlling step (Gupta et al. 2007 ).
Adsorption-desorption cycle
To develop a cost-effective and user-friendly process, the 
